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(54) Sensing of loads on wind turbine Mades 

(57) The invenllon relates lo d wmd powcf punt w\\t\ 
a tower, a rotor having at least on« roioi t^<v tMHog 
substantially radially distant with fcspod to «i roiof hjiis 
and being rotatably supported wlt^ f espca to a sutj&iafv 
tially horizontal rotation axis tn a ponon «if tno too of 
said tower, preferably at machine anccie rotrti/itiv sup- 
ported on a rotation axis extending ftut»t/tnt aity MtooQ 
the gravitational direction, a sensor rTv«trift Assooaicd 
to said rotor for generating senso' Sfgnais depending on 



the mechanical load of the rotor, and an analysis means, 
especially a data processing means, wherein at least 
two. preferably pair-wise mounted, sensor elements are 
associated to al least one, preferably lo each, rotor 
blade of the rotor and the evaluation means is designed 
for determining evaluation signals representing the me- 
chanical loads of at least one rotor blade on the basis 
of the sensor signals generated by the sensor elements 
associated to this rotor blade. 



FIG. 2D 
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Description 

[0001] The invention relates to a wind power plant 
with a tower, a rotor having at least one rotor blade being 
substantially radially distant with respect to a rotor axis 
and being rotatably supported with respect to a substan- 
tially horizontal rotation axis in a portion at the top of 
said tower, preferably at machine nacelle rotatably sup- 
ported on a rotation axis extending substantially along 
the gravitational direction, a sensor means associated 
to said rotor for generating sensor signals depending on 
the mechanical load of the rotor, and an analysis means, 
especially a data processing means, receiving said sen- 
sor signals, and a control arrangement for such a wind 
power plant and a method for operating such a wind 
power plant. 

[0002] Nowadays, large wind power plants have rotor 
diameters of more than 80 m resulting In possibly 
strongly varying wind speeds across the area of the ro- 
tor. With regard to profitability of these plants, it is desir- 
able to incorporate information about the wind speed 
distribution and, especially, about the loads on the indi- 
vidual rotor blades into the adjustment or control, re- 
spectively, of the operation parameters . This method 
called "blade feedback" is described in the prior art, e. 
g.. in US 4,297,076 A, DE 300 9 22 A1 and PCT/ 
EP98/03776. So far, business applications of such 
methods failed due to the tack of sufficiently simple, per- 
sistent, and reliable and, thus, profitable measuring sys- 
tems. 

[0003] Especially for off-shore wind power plants, the 
risk is high that the complex feedback system fails and, 
accordingly, the wind power plant cannot be operated 
or only with a reduced power characteristic for any 
length of time since the benefit earned by such wind 
power plants within a year can be lost by only a few days 
of downtime. In DE 300 99 22 A1 , the use of strain gaug- 
es for sensing the load on the rotor blades is proposed. 
However, these strain gauges do not even approximate- 
ly attain the required life time of 10^ stress cycles. The 
acceleration and wind sensors also mentioned In this 
publication have to be mounted In the outer regions of 
the rotor blades and are. therefore, only difficultly acces- 
sit)le and highly jeopardized by lightnings so that an 
enormous effort is required to attain the desired life time 
of 20 years. . 

[0004] Furthermore, measuring methods using opti- 
cal fibers, e.g. the Fibre Bragg Grating Technology, are 
known in the prior art. In this technique, the intrinsic 
Bragg sensor elements are distributed along a single 
optical fiber which is attached to the rotor blades length- 
wise or may also bo insert laminated. This technique al- 
lows for sensor redundancy on the one hand and for an 
approximate sensing of integral variables like, e.g., the 
sag of the rotor blade on the other hand. The system is 
insensitive to lightnings and easily maintainable be- 
cause the complex evaluation electronics can be 
housed completely in the easily accessible rotor hub 



portion or machine nacelle. However, when the optical 
fiber breaks, the whole system fails. Furthermore, at 
present the application of this technology involves con- 
siderable investment costs. 

5 [0005] Finally, a simple apparatus for sensing oscilla- 
tions is known from DE 1 98 47 982 C2 which is provided 
for the qualitative sensing of aeroelastic oscillations of 
the rotor blades in the rotation plane of the rotor. How- 
ever, the apparatus according the aforementioned pub- 

10 lication is adversely affected by the fact that this appa- 
ratus can only be used for the qualitative sensing of os- 
cillations and does not meet the higher demands of a 
quantitative measurement of the loads, 
[0006] In view of the above described problems of the 

?5 prior art, it is an object of the present invention to provide 
a wind power plant with a precise, accurately calibrate- 
able but still simple, robust and durable blade feedback 
system which can be build in commercial wind power 
plants with only little effort of design and assembly, to 

20 provide a control arrangement for such a wind power 
plant and to provide a method for operating such a wind 
power plant. 

[0007] According to a first aspect of the present inven- 
tion, this object is solved by an improvement of known 

25 wind power plants which is substantially characterized 
in that at least one, preferably each, rotor blade of the 
rotor is associated with at least two. preferably painA^ise 
mounted, sensor elements and that an evaluation 
means is designed for determining evaluation signals 

30 representing the mechanical loads of at least one rotor 
blade on the basis of the sensor signals generated by 
the sensor elements associated with said rotor blade. 
[0008] This invention is based on the insight that in 
modern wind power plants the loads at the root of the 

35 rotor blade is substantially characterized by a superpo- 
sition of the bending moments from the aerodynamics 
(substantially perpendicular to the plane of the rotor, mo- 
ment of shock), bending moments from the selfweight 
of the rotor blades, substantially in the rotor plane (mo- 

"^0 rnent of pivoting), nomial forces resulting from the self- 
weight and the centrifugal force (depending on the rev- 
olutions of the rotor) as well as forces and moments from 
the dynamics of the rotors which are especially impor- 
tant if undesirable oscillations are established. It is nec- 
essary for the realization of an accurately calibrateabie 
blade feedback system to compensate for the normal 
forces depending on the rotor position and the revolu- 
tions, which may attain a magnitude of about 1 0 % of 
the desired measurement signals in recent wind power 

50 plants, in the sensor signals as well as improving the 
reliability of the sensors by redundancy. Since wind 
power plants can be operated within a large temperature 
range (e.g., -16° to 4-50*^0), it is also important to com- 
pensate for the temperature dependence of the sen- 

55 sors. Exactly these requirements are met by the pre- 
ferred painwise an-angement of at least two sensor ele- 
ments per rotor blade. 

[0009] In a preferred embodiment of the present in- 
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vention, a control means receiving the evaluation sig- 
nals is provided, wherein at least one operational pa- 
rameter of the wind power plant, e.g. blade pitch, revo- 
lutions and/or yaw angle, can be adjusted by said control 
means depending on the evaluation signals. The blade 
twist can be accomplished by the variation of the pitch 
(pitch angle) and/or by using aerodynamical aids. 
[0010] In a first preferred embodiment of the present 
invention, the sensor elements are mounted on sides of 
the rotor blade opposing each other substantially in the 
interesting direction of load. In this case, the sensor el- 
ements measure opposed signals (e.g. tension and 
pressure) for a predominant bending load. 
[001 1 ] If the sensor signals are detected individually, 
it is possible, by adding or subtracting the sensor sig- 
nals, to precisely quantity both the interesting bending 
moment and the, in the sense of blade feedback, para- 
sitic influences of ambient temperature and normal forc- 
es due lo gravitation and centrifugal forces. The proper 
operation of the sensors can be keenly checked by the 
evaluation means, preferably realized in the form of a 
data processing means, since perfectly mirrored sensor 
signals should be available after subtraction of the par- 
asitic influences on the sensor elements and consider- 
ation of the design features. Supplementary, the para- 
sitic influences can be computationally balanced under 
consideration of the temperature characteristics of the 
sensor elements and of the design features of the rotor 
blades (mass distribution) by additional sensor ele- 
ments for sensing temperature, revolutions and position 
of the rotor and transmitting corresponding sensor sig- 
nals lo the evaluation means. 
[0012] If one of the sensor elements fails in an ordi- 
nary wind power plant having two or three rotor blades, 
this is detected within a fraction of a second by the eval- 
uation means and switched to the redundant operation 
mode. Thereby, the defective sensor element can be 
Identified quickly with the aid of the functional sensor 
elements in the other rotor blade(s) and due to the fact 
that the individual rotor blades generate similar sensor 
signals substantially phase shifted (by 180** in the case 
of a two-bladed rotor, by 120'' in the case of a three- 
bladed rotor), and/or also with the aid of the aforemen- 
tioned additional temperature, revolutions and position 
sensors. The detection by additional sensor elements is 
also possible in the case of a single-bladed rotor. There- 
after, the sensor signals stemming from the defective 
sensor element are ignored and the parasitic influences 
of the remaining sensor element(s) are computationally 
compensated either by evaluating the temperature, rev- 
olutions and position sensor elements of by a computa- 
tional transformation of the prior determined parasitic in- 
fluences of the other rotor blade(s). Therefore, the wind 
power plant improved according to the present invention 
can also be continually operated during the failure of a 
sensor element until the maintenance team alerted by 
the remote monitoring has replaced the defective sen- 
sor element. Thus, in a three-bladed plant signals for 



each blade can be obtained for each blade feedback 
system even on the failure of up to three sensor ele- 
ments as long as not every sensor element of an indi- 
vidual blade breaks down. Depending on the quality of 

5 the signal attained by the reduced number of sensor el- 
ements, it may become necessary to reduce the power 
characteristic to avoid any risk of a plant overload. It is 
also conceivable to compute the load on the basis of the 
other rotor blade(s) in case the complete set of sensors 

'0 of one rotor blade breaks down. However, the risk of 
overloads increases thereby due to the increased un- 
certainty. 

[0013] In a second embodiment of the present inven- 
tion, the sensor elements are preferably disposed di- 

^5 rectly side by side or are disposed along a line extending 
substantially parallel with respect to the longitudinal axis 
of the rotor blade. A spatial separation of the sensor el- 
ements reduces the risk of simultaneous damaging of 
all sensor elements of one rotor blade due to force, light- 

20 ning or similar. On the other hand, the detected sensor 
signals must be computationally compensated for their 
spatial variation. Since signals of the same kind are re- 
corded in this one-sided solution, no information about 
the centrifugal forces or the sclf-wcight can be derived. 

25 Furthermore, no direct temperature compensation can 
be accomplished. If a computational compensation of 
the Influences of temperature, self-weight and centrifu- 
gal forces is desired, optional sensor elements for the 
detection of temperature, revolutions and rotor position 

30 are mandatory. Likewise, only the additional sensor el- 
ements may be accessed for compensation of the par- 
asitic influences in the case of a failure of the sensor 
elements. 

[0014] Within the framework of the present invention, 

25 it was also conceived that the disadvantage of doubling 
the number of measuring channels in the Improved wind 
power plant according to the present invention is not rel- 
evant with respect to the actual cost structure of data 
acquisition systems for wind power plants compared to 

40 the enormous benefit of the thus achieved redundancy. 
[0015] As is explained above, two sensor elements 
per rotor blade is absolutely the minimum number with 
respect to redundancy. Naturally, the number of sensor 
elements can be increased arbitrarily, wherein it is es- 
pecially preferable to position the sensor elements pair- 
wise along a rotor radius but lo position said pairs on 
different rotor blade radii, since additional information 
about the load distribution along the length of the rotor 
blades can be obtained thereby. If the radius positions 

50 of the individual sensor elements are not spaced too 
much from each other (max. 10-20 % of the length of 
the blade), the loads can bo computationally trans- 
formed (interpolation or extrapolation, respectively) 
from one radius position to the next with sufficient pre- 

55 cision. With this background, it can also be thought of . 
disposing the sensor elements not pair-wise but basi- 
cally offset from each other which, however, increases 
basically the uncertainty of the interpolation or extrapo- 




EP 1 359 



lalion method, respectively. 

[0016] A further preferred realization of numerous 
sensor elements being distributed along the whole rotor 
radius is obtained by Fibre Bragg Grating Technology. 
(001 7J For extraction of the parasitic effects, two s 
chains of sensor elements can thereby be preferably ap- 
plied to the opposite sides of the rotor blade. Due to the 
temperature dependence of this lechnology. further 
temperature sensor elements are advantageous. Pref- 
erably, Bragg gratings are also used therefor, which w 
Bragg gratings are applied so that ihcy arc free from 
external loads. Thereto, the additional Bragg gratings 
can be inserted into r;espective tubes. For measuring of 
pivot loads, the fibers are preferably applied to the spar 
flanges for measuring shock loads and arc preferably ^5 
applied to the nib or end edge portion lor measuring piv- 
ot loads. For obtaining redundancy wrth respect lo fiber 
breakage without increased costs Dy sensor redjndan- 
cy, the chain of sensor elements e» forrTK*d <is a U- 
shaped loop in an especially preloficc eribodiricnt of 
the present invention. On a potential dDcr brcrtkn^c. the 
sensor elements can be adarcssed st/tntng Irom the 
blade root or the rotor hub via one of the iCc ports nc 
cording to the position of the brcakiipc Onry m oisc of 
a fiber breakage exactly within a &cn&or ok>nr>on! mi« ?5 
sensor element is rendered usoloss and tho unnvaiUbio 
sensor signals must be interpolated the nc4ghtx>nng 
sensor elements. 

[0018] For measuring the shock kMd on mo roior 
blades, the sensor elements arc pr efcrtt?^ applied on jo 
each side of the rotorblade in a sep^rHtc U sn<>cd »oop 
especially since the costs of the ad<^tionai op^cni liPci^ 
are negligible compared to the more diltcun app icnuion 
during the usual manufactunng procc^ OouDtmg the 
number of fiber ends does also not peso nny proCicm -J5 
since a simple optical Y-coupk>r suff ccs ic matnuin the 
number of channels. For measunng pfvoi lo^tds or dur- 
ing a manufacturing process in whicti tx>th spar lUngcs 
are prefabricated in a component it may also tx? advan- 
tageous to link both chains of sensor ctcmcnis lo a stn- ^ 
gle loop, whereby, naturally, only a somcwnal lower lev- 
el of redundancy is achieved. 

[0019] In a further advantageous cmDodimcn: of the 
present invention it Is provided witr respect to system 
reliability to sense, additionally or aiicmativcfy to the 
blade loads, also the resulting pitch and yaw moments 
in the nacelle. Here, it is especMiry c«dv<intcigeous (of 
the currently widely used rotor boartng design, ihe so- 
called three-point bearing, to sense the pitch and yaw 
moments as well as the rotor torque by distance sensors 50 
at the elastic gear suspension. If rcoundancy is desired 
also in this case, six distance sensors arc required, four 
in vertical direction and two in hon/ontal diroction. 
wherein this sensor have to be distributed symmotncally 
on both sides of the gear suspension. Otherwise, only 55 
three sensor elements are sufficient. 
[0020] In the embodiment having six sensor ele- 
ments, the vertical sensors may be connected into a full 
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bridge in same direction and in opposite direction, 
whereby the torque as well as the pitch moment can be 
sensed in a temperature compensated way with high 
resolution. The yaw moment is sensed by the horizontal 
sensor elements in the manner of a half bridge, but is 
also temperature compensated due to the opposite sig- 
nals. For securing redundancy, the aforementioned cir- 
cuitry has to be implemented not in the hardware but 
only in the algorithm of the signal evaluation means or 
the data processing means, respectively, since only in 
this way it may be switched to the logical equivalent net- 
work on failure of a sensor element. If necessary, tem- 
perature compensation may then be accomplished 
computationally, e.g. by evaluating the signal of the In- 
ternal nacelle temperature which is usually available for 
the turbine control or of an additional temperature sen- 
sor element. 

[0021] With regard to maintaining a high accuracy of 
measurement for the sensing of pilch and yaw mo- 
ments, it has proven to be advantageous for wind power 
plants. with a rotor which is rotatably supported with re- 
spect to the rotor axis by means of a rotor bearing usu- 
ally penetrated by a rotor shaft coupled to the rotor and 
extending parallel to the rotor axis, that the sensor 
means comprises at least three, preferably at least four, 
especially prefered five or more, sensor elements dis- 
posed in a plane extending substantially perpendicularly 
to the rotor axis and being located at the side of the rotor 
bearing whk:h is opposite to the plane of the rotor 
blades, since a longer lever arm is available at the side 
of the rotor bearing which is opposite to the plane of the 
rotor blades for sensing pilch or yaw moments, and ar- 
ranging the sensor elements in a plane extending per- 
pendiculariy to the rotor axis considerably simplifies the 
evaluation of the results of the measurements. Espe- 
cially, the results of the measurements are not influ- 
enced by an axial clearance of the rotor shaft. 
[0022] With regard to simplification of the evaluation 
of the results of the measurements and to reduction of 
evaluation complexity for detecting defective sensor el- 
ements, it has proven especially advantageous if at 
least three sensor elements are disposed on a circle ex- 
tending coaxially to the rotor axis. In this case, the de- 
sired redundancy in sensing pitch and yaw moments 
can be achieved if only one additional sensor element 
is disposed on said circle. Redundancy may be In- 
creased arbitrarily when four, five or more sensor ele- 
ments are disposed on the circle extending coaxially to 
the rotor axis, since only three sensor elements dis- 
posed at the edges of a triangle are required for sensing 
pilch and yaw moments because the rotor axis is al- 
ready uniquely defined by this arrangement using three 
sensor elernents as the intersection of the mean per- 
pendiculars of the sides of the triangle fonned by the 
sensor elements. 

[0023] Insofar four sensor elements disposed on a cir- 
cle which extends coaxially to the rotor axis are provid- 
ed, it has proven appropriate with regard to reduction of 
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computational complexity of the evaluation of the results 
of the measurements to dispose these sensor elements 
at the edges of a rectangle, especially a square. When 
using five or more sensor elements, they are preferably 
disposed at the edges of a conresponding regular poly- 
gon. For sensing pitch or yaw moments, the sensor el- 
ements disposed in a plane extending nonnal to the ro- 
tor axis and, preferably, on a circle extending coaxially 
to the rotor axis can be disposed at a rotor shaft coupled 
to the rotor and extending coaxially to the rotor axis and/ 
or to a clamping set connecting the rotor shaft to the 
gear box and/or further moving components of the wind 
power plant, insofar the sensor elements are disposed 
outside a gearbox coupled to the rotor shaft, the meas- 
urement is not influenced by forces acting in the gear 
box, e.g. the distribution of planet forces within a planet 
gear. However, interferences due to a radial bearing 
clearance of the rotor shaft bearing are noticeable in this 
arrangement of the sensor elements at the rotor shaft 
or the clamping set. 

[0024] When the rotor is coupled to a planet gear, es- 
pecially to the pinion cage (Planetentrager) of the planet 
gear, via the rotor shaft, these interferences can be pre- 
vented if at least three, preferably at least four, sensor 
elements are disposed in the region of the planet gear. 
Here, the sensor elements may be disposed in the re- 
gion of an outer periphery of the ring gear of the planet 
gear. If the sensor elements are disposed with an axial 
distance at the front of the ring gear, also the distribution 
of the planet forces causing a deformation of the ring 
gear can be sensed. In case sensing of the distribution 
of the planet forces is not desired but only considered 
as a perturbation of the measurement of the pitch and 
yaw moments, the accuracy of measurement can be im- 
proved in that at least one, preferably at least three, sen- 
sor elements are disposed in a region of a cover and/or 
torque support attached to the front of the ring gear and/ 
or in a adjacent region of the ring gear. In this case, no 
considerable perturbation of the measurement of pitch 
and yaw moments by a deformation of the ring gear oc- 
curs due to the stiffening effect of the aUachmenl part. 
[0025] With the above described arrangement of sen- 
sor elements, additionally a simple detection of torque 
by a redundant sensor means at simple detection of de- 
fective sensor elements can be achieved, if the sensor 
means additionally comprises at least one, preferably 
for redundancy at least two. sensor elements, preferably 
disposed in the same plane, said sensor elements sens- 
ing a torsion of the power train with respect to the rotor 
axis for the detection of torque. With at least two sensor 
•elements, the definite detection of sensor failure is pos- 
sible by comparison with the other sensor elements. The 
sensor means of a wind power plant according to any 
embodiment of the present invention can also comprise 
at least one inductive, mechanical, optical acoustical (al- 
so ultrasonic) and/or magnetoresistive sensor element, 
wherein the desired redundancy can be increased arbi- 
trarily by combining different types of sensors. 



[0026] It is especially advantageous in this embodi- 
ment of the present invention if the blade signals, espe- 
cially the blade root signals, and the signals used for 
sensing the pitch and gear moments, especially of the 
5 gear suspension, are linked, 

[0027] As a first approximation, the pitch and gear mo- 
ments and the torque acting on the gear suspension are 
only the sum of the bending moments at the blade roots 
which have to be converted from the center of the rotor 
10 to the gear suspension with the aid of the design fea- 
tures. If the bending moments at the root of the rotor 
blade are measured in both load directions (in the rotor 
plane and normal to it), the required algorithms are pro- 
vided by the prior art. These interrelationships are de- 
15 scribed, e.g., in DE 198 49 365.8, It is also within the 
framework of the present invention to compute the non- 
available Information mathematically by subtraction in 
the event of complete sensor failure of a rotor blade (e. 
g. due to lightning). This procedure is of great advantage 

20 with respect to the demanded redundancy. 

[0028] In contrast to the blade sensor elements which 
are calibrateable for different blade angles via the self- 
weight of the blades in machines with blade adjustment, 
such a simple possibility of calibrating does not exist for 

25 the pitch and yaw moments. Therefore, it is proposed 
within the framework of the present invention to attain a 
calibration during operation by deliberately introducing 
a quantifiable unbalance. This unbalance can be effect- 
ed by a mass or by variation of the aerodynamical prop- 

30 erties. For example, the method of slightly adjusting only 
a single rotor blade (about 1 to 10 degrees depending 
on wind speed and revolutions of the rotor) by single- 
blade adjustment and, then, recording the sensor sig- 
nals for minimumi and maximum revolutions of the rotor 

35 can be implemented simply by software modifications. 
Depending on the accuracy requirements, this method 
may be successively performed for each of the three 
blades at different blade angles. 
[0029] A physically simpler method which is , however, 

40 accompanied by additional design effort uses, e.g., a 
water tank of preferably small diameter which is exactly 
positioned in the rotor axis and is provided, in case of a 
three-bladed rotor, at its end with three magnetic valves 
offset by 1 20 degrees. The water can be discharged into 

45 the ballast tanks provided in each of the rotor blades via 
a connecting conduit. Filling of the ballast tanks is also 
possible during operation due to the centrifugal force. 
Prior to discharging the ballast tanks, the rotor must be 
stopped in a corresponding position so that the water 

50 flows back due to gravity. Except the three magnetic 
valves, no further moving parts are thus required. Nat- 
urally, such a system can not only be used for calibrating 
the sensors but also for readjusting the rotor blades by 
trimming if there exists an unbalance in the rotor. The 

55 realization of such a trimming gear in a wind power plant 
according to a preferred embodiment of the present in- 
vention comprises a cavity, preferably a rotational sym- 
metric cavity extending coaxially to the rotor axis, and a 
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valve arrangement for selectively discharging a fluid 
contained in said cavity and a cavity fonped in the rotor 
blade. Within the framework of the present invention, liq- 
uids and/or pourable bulk materials, e.g. sand, lead 
beads etc. are used for the fluid. 5 
[0030] As is apparent from the above description of 
wind power plants according to various embodiments of 
the present invention, a control means according to the 
present invention adapted for upgrading already exist- 
ing wind power plants is substantially characterized in io 
that It contains at least two sensor elements and an eval- 
uation means receiving sensor signals delivered by said 
sensor elements and being operatable for generating 
evaluation signals representing at least one significant 
load variable of the wind power plant on the basis of the is 
sensor signals. 

[0031] A method for operating a wind power plant ac- 
cording to an embodiment of the present invention Is 
substantially characterized in thai the evaluation means 
switches to a redundant operation mode in the event of 20 
sensor element failure, wherein the defective sensor el- 
ement Is computationally determined by comparison of 
the available sensor signals, the signals of said defec- 
tive sensor element arc ignored by the operating control, 
and the parasitic Influences, with respect to the control 25 
system, of temperature, gravitation and/or centrifugal 
force bf the remaining at least one functioning sensor 
element are computationally compensated. Further- 
more. In a method according to an aspect of the present 
invention the sensor elements can be calibrated for 30 
sensing pitch and/or yaw moments using sensor signals 
obtained after the generation of a predetemiined aero- 
dynamical and/or mechanical unbalance. Especially for 
this purpose, wind power plants according to an embod- 
iment of the present Invention can be operated so that 35 
a fluid is discharged from a cavity extending coaxially to 
the rotor axis via the valve arrangement to one or more 
cavities formed in the rotor blades. 
[0032] The invention will now be described in greater 
detail, by way of example, with reference to the draw- 40 
ings, in which:-' 

FIg.l shows a rotor blade of a wind power plant. 

Fig. 2 shows different versions of a first embodiment ^5 
of the present invention. 

Fig. 3 shows different versions of a second embod- 
iment of the present invention. 

50 

Fig. 4 shows different versions of a third embodi- 
ment of the present invention. 

Fig. 5 is a detailed illustration of a drive train of a 
wind power plant according to an embodiment of 55 
the present invention having sensor elements dis- 
posed at an elastic bearing of the gear suspension. 



Fig. 6 is a schematic side view of a rotor shaft with 
a planet gear of a wind power plant according to an 
embodiment of the present invention coupled there- 
to. 

Fig. 7 is an illustration of a sensor means of a wind 
power plant according to an embodiment of the 
present invention having sensor elements and be- 
ing disposed at a planet gear. 

Fig. 8 Is an axial sectional view of a rotor of a wind 
power plant according to a fourth embodiment of the 
present invention. 

[0033] The rotor blade shown in Fig. 1 A extends from 
a blade root 12 adjacent to the rotor hub In a direction 
extending substantially normal to the rotor axis to the tip 
14 of the blade. For reinforcing the blade, a spar is pro- 
vided (see Fig. 1B) which is. in total, designated by ref- 
erence numeral 20 and comprises a web 26 and two 
spar flanges 22 and 24 extending substantially parallel 
to the peripheries 16 and 18 of the rotor blade 10. The 
overall shape of the spar is fonned as an I -profile. During 
operation of a wind power plant, loads on the rotor blade 
may occur in the plane of the rotor blade, so-called pivot 
loads, as indicated by double arrow A. Furthemiore, 
loads normal to the rotor plane, so-called shock loads, 
may occur as Is indicated by arrow B in Fig. 1 A. 
[0034] In the versions of a first embodiment of the 
present invention shown in Figs. 2A to 2C, two sensor 
elements 1 00 are provided per rotor blade. By means 
of the arrangement shown in Fig. 2A of sensor elements 
100 which are disposed on opposite sides 16 and 18 of 
the rotor blade, the shock loads on the rotor blade can 
be sensed. 

[0035] In the embodiment of the present invention 

shown in Fig. 2B, the pivot loads on the rotor blade can 
be sensed especially advantageously, since the sensor 
elements are disposed In the nib and end edge portion 
of the rotor blade. 

[0036] In the embodiment of the present invention 
shown in Fig. 2C, the sensor elements are directly jux- 
taposed in the region of the spar flange. In the arrange- 
ment shown in Fig. 2D, sensor elements 100 are dis- 
posed along a line extending substantially parallel to the 
longitudinal axis of the rotor blade. Here, spatial sepa- 
ration of the sensor elements reduces the risk of simul- 
taneous damage of both sensor elements by force, light- 
ning or similar. 

[0037] In the embodiment of the present invention 
shown in Fig. 3A, sensor elements 100 are respectively 
disposed pair-wise on a rotor, the Individual pairs being 
positioned at different radii of the rotor blade because 
additional information about the load distribution over 
the length of the rotor blade can be obtained thereby. 
[0038] In the embodiment of the present invention 
shown in Fig. SB, sensor elements 100 are not disposed 
pair-wise but are basically offset to each other which 
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guarantees higher protection against simultaneous 
damaging of the sensor elements 1 00 but also increas- 
es the uncertainty of an interpolation or extrapolation 
method for determining the load distribution along the 
length of the rotor blade. 5 
[0039] In the embodiment of the present invention 
shown in Fig, 4A, two chains 110 of sensor elements 
realized by Fibre Grating Technology are placed on op- 
posite sides of the rotor blade. In an further development 
of the embodiment of Fig. 4A as it is shown in Fig. 4B, io 
the chains 11 0 of sensor elements are placed in sepa- 
rate U-shaped loops at each side of the rotor blade. 
[0040] In the embodiments of the present invention 
shown in Figs. AC and 4D, both chains 110 of sensor 
elements are linked to a single loop which allows for a '5 
reduction of fiber length but also results in a somewhat 
reduced level of redundancy. 

[0041] Fig, 5 shows the disposition of sensor ele- 
ments at the elastic bearing of the gear suspension 200. 
Here, six distance sensors 1 20 are provided, four in ver- 20 
tical direction and two in horizontal direction, said dis- 
tance sensor being symmetrically distributed on both 
sides of the gear suspension 200. The vertical sensors 
arc connected to a full bridge in same direction and in 
opposite direction, whereby torque (see Fig. 5B) as well ^5 
as yaw moment (see Fig. 5C) can be sensed with high 
resolution in a temperature compensated manner 
[0042] Fig. 6 shows a rotor shaft 300 penetrating a 
rotor shaft bearing 320 and extending coaxially to the 
rotor axis 31 0. The rotor shaft 300 is coupled to a planet 30 
gear 340 via a clamping set 330, said planet gear being 
elastically supported on a supporting structure by 
means of elastically ductile elements 470 (see Fig. 7). 
In the embodiment of the present invention shown in Fig. 
6, the sensor means comprises a total of four sensor 35 
elements 350 attached to the rotor shaft 300 and dis- 
posed on a circle extending coaxially to the rotor axis 
310 for sensing pitch and yaw moments. Sensor ele- 
ments 350 are disposed at the edges of a square. With 
this arrangement, pilch and yaw moments can be -^o 
sensed independent of the axial clearance of the rotor 
shaft 300 in the rotor shaft bearing 320. By disposing 
the sensor elements 350 on a circle extending coaxially 
to the rotor axis 310, redundancy in sensing pilch and 
yaw moments and, simultaneously, facilitation of detect- "ts 
ing defective sensor elements is achieved using only 
four sensor elements 350. In addition or allernallve to 
sensor elements 350 being disposed at the rotor shaft 
300, the embodiment of the present invention shown in 
Fig. 6 may also comprise sensor elements 352 disposed so 
on a circle extending coaxially to the rotor axis 31 0 and 
at the clamping set 330 or other coupling gears. Rotor 
shaft 300 is coupled to a pinion cage (Planetentrager) 
of the planet gear 340 having a fixed ring gear, wherein 
a. main drive pinion of the planet gear 340 is disposed 55 
at the sun wheel. 

[0043] Fig. 7a shows a schematic view of a planet 
gear usable in a wind power plant according to an em- 
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bodiment of the present invention. Fig. 7b shows a sche- 
matic side view of the planet gear shown in Fig. 7a, Ac- 
cording to Fig. 7a, a torque support 400 with two lateral 
amns 420 is associated to the planet gear 340 and dis- 
posed at a front side of the ring gear. As is shown in Fig. 
7a, the sensor elements used for sensing pitch and yaw 
moments can be disposed on a circle extending coaxi- 
ally to the rotor axis in the region of the torque support. 
Thereby, a sensing of the pitch and yaw moments with- 
out interference from a radial bearing of rotor shaft 300 
accepted in the rotor shaft bearing 320 is rendered pos^ 
sible. Furthermore, a measurement without interference 
from a defomnation of the ring gear resulting from the 
influence of the planets of the planet gear acting on it is 
allowed by the arrangement of the sensor elements 450 
in the region of the torque support. If further diagnostics 
of the distribution of planet forces is desired, further sen- 
sor elements 452 can be provided additionally or alter- 
natively to the sensor elements 450 disposed in the re- 
gion of the torque support also in an axial spacing to the 
torque support, e.g. in the center of the ring gear on its 
outer periphery, which sense also a deformation of the 
ring gear in addition to the pitch and yaw moments. Ad- 
ditionally, the wind power plant shown in Fig. 7 can also 
comprise sensor elements disposed in the region of the 
arms 420, preferably above elastically ductile elements 
470, for sensing torsion of the drive train with respect to 
the rotor axis, wherein said sensor elements 454 are ap- 
propriately disposed in the same plane as sensor ele- 
ments 450. 

[0044] In the axial sectional view according to Fig. 8, 
a rotor shaft is designated by reference numeral 2, a 
rotor hub by 1 and a rotor blade by 3. A cavity 5 used 
as a water tank Is disposed coaxially to rotor axis 4 of 
the rotor shaft 2, said cavity being connectable via a 
valve 7 to a ballast tank 6 disposed within rotor blade 3 
to selectively discharge a fluid, e.g. a liquid and/or a 
pourable bulk material to the ballast tank and to thus 
achieve a desired trimming of the wind power plant. 
[0045] For the sake of good order, various aspects of 
the invention are set out in the following clauses:- 

1 . A wind power plant with a tower, a rotor having 
at least one rotor blade being substantially radially 
distant with respect to a rotor axis and being rotat- 
ably supported with respect to a substantially hori- 
zontal rotation axis in a portion at the top of said 
tower, preferably at machine nacelle rotatably sup- 
ported on a rotation axis extending substantially 
along the gravitational direction, a sensor means 
associated to said rotor for generating sensor sig- 
nals depending on the mechanical load of the rotor, 
and ah analysis means, especially a data process- 
ing means, characterized in that at least two, pref- 
erably pair-wise mounted, sensor elements are as- 
sociated to at least one, preferably to each, rotor 
blade of the rotor and the evaluation means is de- 
signed for deterrnining evaluation signals repre- 
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senting the mechanical loads of at least one rotor 
blade on the basis of the sensor signals generated 
by the sensor elements associated to this rotor 
blade. 

5 

2. The wind power plant according to clause 1 , char- 
acterized in that the evaluation means is operatable 
for determining temperature, centrifugaliy and grav- 
itationally corrected evaluation signals. 

10 

3. The wind power plant according to clauses 1 or 
2, characterized by a control means receiving said 
evaluation signals for adjusting at least one operat- 
ing parameter of said wind power plant, e.g. an an- 
gle of attack of a rotor blade, depending on the eval- 
uation signals. 

4. The wind power plant according to any of the pre- 
ceding clauses, characterized in that the sensor el- 
ements are mounted in the direction of load to be 
measured on opposite sides of the rotor blade. 

5. The wind power plant according to one of the pre- 
ceding clauses, characterized in that the evaluation 
means receives additional signals from at least one 2S 
temperature sensor and/or revolutions and/or rotor 
position sensor and is operatable for computation- 
ally detemiining the influences of temperature, cen- 

thf ugal force and gravitation on the basis of the sen- . 
sor signals received thereof. 30 

6. The wind power plant according to clauses 5, 
characterized in that the sensor elements are 
mounted on the same side of the rotor blade, pref- 
erably directly adjacent or along a line extending 35 
substantially parallel to the longitudinal axis of the 
rotor blade, and is computationally operatable by 

the evaluation means on the basis of the received 
sensor signals for compensation of the influences 
of temperature, revolutions and/or gravitation. 40 

7. The wind power plant according to any of the pre- 
ceding clauses, characterized in that at least one 
sensor element has sensors based on optical fib- 
ers, wherein ai least one optical fiber is fomried as ^5 
a U-shaped loop. 

8. The wind power plant according to clause 7, char- 
acterized in that both fiber ends are combined to a 
channel by an optical Y-coupler. so 

9. The wind power plant according to one of the pre- 
ceding clauses, characterized in that at least one 
sensor element has a rod put into a rotor blade and 

a detection element detecting the displacement of 55 
said rod. ■ 

10. The wind power plant according to clause 9, 



characterized in that the rod put into the rotor blade 
is beared by two support means which are spaced 
within said rotor blade, and the detection element 
is accepted in one of said support means. 

11. The wind power plant according to one of the 
preceding clauses, characterized in that the sensor 
elements are disposed in a way so that they sub- 
stantially sense the loads in the shock direction of 
the rotor blade, i.e. transverse to the plane of the 
rotor blade. 

1 2. A wind power plant, especially according to one 
of the preceding clauses, with 

a tower, 

a rotor having at least one rotor blade being 
substantially radially distant with respect to a rotor 
axis and being rotatably supported with respect to 
a substantially horizontal rotation axis in a portion 
at the top of said tower, preferably at machine na- 
celle rotatably supported on a rotation axis extend- 
ing substantially along the gravitational direction, 

a sensor means for generating sensor signals 
representing at least one essential load variable of 
the wind power plant, 

at least one evaluation means, especially a 
data processing means, receiving said sensor sig- 
nals, characterized in that 

the sensor means has at least two sensor el- 
ements and the evaluation means is designed for 
monitoring of the operativeness of the sensor ele- 
ments and for switching to a redundant operation 
mode on failure of at least one sensor element. 

13. The wind power plant according to clause 12, 
characterized in that, in the redundant operation 
mode, data for temperature compensation and/or 
for quantifying parasitic effects are computationally 
obtainable by said evaluation means from the sig- 
nals of the operable sensor elements 

14. The wind power plant according to any of the 

preceding clauses, characterized in that, the a gear 
suspension is elastically beared on said machine 
. nacelle and at least one sensor element Is disposed 
at said elastic bearing of the gear suspension. 

15. The wind power plant according to clause 14, 
characterized in that, at least three sensor elements 
are disposed at the elastic bearing of the gear sus- 
pension, at least. one sensing the horizontal dis- 
placement of the gear and at least a respective one 
senses the vertical displacement of the gear sus- 
pension on both sides, the sensor signals delivered 
by said sensor elements are evaluated so that the 
pitch moment, yaw moment and/or torque applied 
to the suspension is determinable by said evalua- 
tion means from the measured displacements, and 
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said output signals are usable for adjusiinQ ;ii least 
one operating parameter, 

16. A wind power plant, especially accorcmc; to one 

of the preceding clauses, in which the rotor is r oiat 5 
ably supported with respect to the rotor ax»s by 
means of a rotor bearing, characterized m that ir^c 
sensor means comprises at least ihrco ofcicfKbty 
at least four, especially preferably frvc or more sen- 
sor elements disposed in a plane extending appf ox- 
imalely normal to the rotor axis and being locHied 
on the side of ihe rotor bcanng opposite to the punc 
of the rotor blades, said sensor elements sensing 
the displacement of a cross section, preferably cir- 
cular and coaxialty disposed with respcc: lo the ro- 
tor axis, of the dnve train. 

17. The wind power plant according to clause 16 
characterized In that the sensor clcmcnis ««fc f^y 
proximately disposed on a arcle extending cu«tii««f- ^ 
ly to the rotor axis. 

1 8. The wind power plant accordirig to clause 1 6 or 
17. characterized in that four sensor elements arc 
disposed at the edges of a rectangle ospociatty a 
square. 

1 9. The wind power plant according to any o^ clv*ij* 
es 16 to 18 . characterized in that at least throe, pref- 
erably at least four, sensor elements are disposed •» 
at a rolor shaft coupled to the rotor and extending 
coaxially to the rotor axis or at other co-revolving 
components. 

20. The wind power plant according to any o^ claus ^ 
es 1 6 to 1 9. characterized in that the rotor is couplod 

to a planet gear especially to the pimon cage of a 
planet gear, via a rolor shaft and at least three pref 
erably at least four sensor elements arc disposed 
in the region of the planet gear. m) 

21 . The wind power plant according to clause 20 
characienzed in that at least three sensor elements 
are disposed at the outer penphery of a nng gear d 

the planet gear 49 

22. The wind power plant according to clause 21 
characterized in that at least one sensor elcnxyni 
preferably three sensor elements, are disposed ax 
ially spaced from a front side of said ring gear »o 

23. The wind power plant according to clause 2i Of 
22, characterized in that at least one, preferably at 
least three, sensor elements (is) are disposed in the 
region of a housing cover attached to a front side of 
said ring gear and/or a torque support and/or a re- 
gion of the ring gear adjacent thereto. 



A1 16 

24. The wind power plant according to any of the 
preceding clauses, characterized in that the sensor 
means comprises at feast two sensor elements, 
preferably spaced from each other in the direction 
of the rotor axis, for sensing torques. 

25. The wind power plant according to any of the 
preceding clauses, characterized in that the sensor 
means comprises at least one inductive, mechani- 
cal optical acoustical and/or magnetoresistive 
sensor element for sensing the displacement of 
components. 

26. The wind power plant according to any of the 
preceding clauses, characterized in that the control 
moans is operatable for generating an aerodynam- 
ical unbalance and/or a mechanical unbalance, es- 
pecially for calibrating the sensor elements for 
sensing pitch or yaw moments. 

27 A wind power plant, especially according to any 
of the preceding clauses, with a rotor Votatable 
iiboul a rotor axis and having at least on rotor blade, 
characterized by a cavity, which preferably is rota- 
tional symmetric and extends coHinear to the rotor 
AXIS and a valve arrangement for selectively dis- 
charging a fluid contained in said cavity into a cavity 
formed in the rotor blade. 

28 A control an-angement for a wind power plant 
according to any of the preceding clauses with a 
sensor means comprising at least two sensor ele- 
ments and an evaluation means receiving signals 
del vered by said sensor elements and being oper- 
atable for generating evaluation signals represent- 
ing at least one essential load variable of said wind 
power plant on the basis of the sensor signals. 

29 The control an*angement according to clause 
28 characterized in that the evaluation signals are 
usable for controlling the wind power plant by ad- 
justing appropriate operating parameters. 

30 A method for operating a wind power plant ac- 
cording 10 any of clauses 1 to 27, characterized in 
that m the event of a sensor element failure, the 
cv«fiu«it*on means is switched to a redundant oper- 
rtiton mode in which the defective sensor element 
» computationally detemnined by comparison of the 
obtainable sensor signals and the signals of said 
defective sensor element are ignored by operating 
control. 

31 The method according to clause 30, character- 
ized in that parasitic influences of temperature, 
gr i«/iiation and/or centrifugal force on the remaining 
Hi least one operable sensor element are computa- 
tionally compensated for the control system. 
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32. A method for operating a wind power plant, es- 
pecially according to clauses 30 or 31 . character- 
ized in that, the sensor elements are calibrated us- 
ing sensor signals for sensing pitch and yaw mo- 
ments which are obtained after the generation of a s 
predetermined aerodynamical and/or mechanical 
unbalance. 

33. A method for operating a wind power plant, es- 
pecially according to any of clauses 30 or 32, char- io 
acterized in that, a fluid contained in a cavity ex- 
tending collinear with respect to the rotor axis is dis- 
charged into at least one cavity fomned in one of the 
rotor blades. 



Claims 

1. A wind power planl with a lower, a rotor having at 
least one rotor blade being substantially radially dis- 20 
tant with respect to a rotor axis and being rotatably 
supported with respect to a substantially horizontal 
rotation axis in a portion at the top of said tower, 
preferably at machine nacelle rotatably supported 

on a rotation axis extending substantially along the 25 
gravitational direction, a sensor means associated 
to said rotor for generating sensor signals depend- 
ing on the mechanical load of the rotor and an anal- 
ysis means, especially a data processing means, 
characterized in that at least two, preferably pair- 30 
wise mounted, sensor elements are associated to 
at least one, preferably to each, rotor blade of the 
rotor and the evaluation means Is designed for de- 
termining evaluation signals representing the me- 
chanical loads of at least one rotor blade on the ba- 35 
sis of the sensor signals generated by the sensor 
elements associated to this rotor blade. 

2. The wind power plant according to claim 1 . charac- 
terized in that the evaluation means is operatable 40 
for detenmiriing temperature, centrifugally and grav- 
itationally corrected evaluation signals. 

3. The wind power plant according to claims 1 or 2, 
characterized by a control means receiving said 45 
evaluation signals for adjusting at least one operat- 
ing parameter ol said wind power plant, e.g. an an- 
gle of attack of a rotor blade,.depending on the eval- 
uation signals. 

so 

4. The wind power plant according to any of the pre- 
ceding claims, characterized in that the sensor el- 
ements are mounted in the direction of load to be 
measured on opposite sides of the rotor blade. 



temperature sensor and/or revolutions and/or rotor 
position sensor and is operatable for computation- 
ally determining the influences of temperature, cen- 
trifugal force and gravitation on the basis of the sen- 
sor signals received thereof. 

6. The wind power plant according to claims 5, char- 
acterized in that the sensor elements are mounted 

on the same side of the rotor blade, preferably di- 
rectly adjacent or along a line extending substan- 
tially parallel to the longitudinal axis of the rotor 
blade, and is computationally operatable by the 
evaluation means on the basis of the received sen- 
sor signals for compensation of the influences of 
temperature, revolutions and/or gravitation. 

7. The wind power plant according to any of the pre- 
ceding claims, characterized In that at least one 
sensor element has sensors based on optical fib- 
ers, wherein at least one optical fiber is fonned as 
a U-shaped loop. 

8. The wind power plant according to claim 7, charac- 
terized in that both fiber ends are combined to a 
channel by an optical Y-coupler. 

9. The wind power plant according to one of the pre- 
ceding claims, characterized in that at least one 
sensor element has a rod put into a rotor blade and 
a detection element detecting the displacement of 
said rod. 

10. The wind power plant according to claim 9, charac- 
terized in that the rod put into the rotor blade is 
beared by two support means which are spaced 
within said rotor blade, and the detection element 
is accepted in one of said support means. 



5. 



The wind power plant according to one of the pre- 
ceding claims, characterized in that the evaluation 
means receives additional signals from at least one 
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